Although oceanic dispersal in larval and juvenile marine animals is widely studied, the relative contributions of swimming behavior and ocean currents to movements and distribution are poorly understood [1] [2] [3] [4] . The sea turtle ''lost years'' [5] (often referred to as the surface-pelagic [6] or oceanic [7] stage) are a classic example. Upon hatching, young turtles migrate offshore and are rarely observed until they return to coastal waters as larger juveniles [5] . Sightings of small turtles downcurrent of nesting beaches and in association with drifting organisms (e.g., Sargassum algae) led to this stage being described as a ''passive migration'' during which turtles' movements are dictated by ocean currents [5] [6] [7] [8] [9] [10] . However, laboratory and modeling studies suggest that dispersal trajectories might also be shaped by oriented swimming [11] [12] [13] [14] [15] . Here, we use an experimental approach designed to directly test the passive-migration hypothesis by deploying pairs of surface drifters alongside small green (Chelonia mydas) and Kemp's ridley (Lepidochelys kempii) wild-caught turtles, tracking their movements via satellite telemetry. We conclusively demonstrate that these turtles do not behave as passive drifters. In nearly all cases, drifter trajectories were uncharacteristic of turtle trajectories. Speciesspecific and location-dependent oriented swimming behavior, inferred by subtracting track velocity from modeled ocean velocity, contributed substantially to individual movement and distribution. These findings highlight the importance of in situ observations for depicting the dispersal of weakly swimming animals. Such observations, paired with information on the mechanisms of orientation, will likely allow for more accurate predictions of the ecological and evolutionary processes shaped by animal movement.
RESULTS AND DISCUSSION
We combined in situ and modeling approaches to test the passive-migration hypothesis in wild-caught, surface-pelagic turtles [6] . Green (Chelonia mydas; n = 24) and Kemp's ridley (Lepidochelys kempii; n = 20) turtles were tracked by satellite telemetry [16, 17] in the northern and eastern Gulf of Mexico along with two types of simultaneously deployed surface drifters (Figure 1) . We directly assessed whether these small turtles (14.1-29.9 cm straight carapace length [SCL]) drifted passively by comparing separation distances between turtles and drifters to separation distances between the drifter pairs. If the movement of turtles were primarily the result of ocean circulation processes, we would expect that separation distances would be similar among groups. However, separation distances between turtles and drifters were significantly greater than separation distances between pairs of drifters (Wilcoxon signed-rank test, p < 0.034, for days 2-14) (Figures 2A and 2B ), indicating that turtle movement is not a passive process.
We then used high-resolution ocean circulation model output [18] and virtual particle-tracking software [19] to extract behavior from turtle tracks. Apparent ''swimming'' velocity was derived by subtracting modeled ocean velocity from track velocity [20] [21] [22] at 2-day steps along the tracks. This common approach attributes any difference between the modeled velocity and track velocity to swimming velocity [22] . Though the model characterized the oceanic conditions reasonably well ( Figure 2C ), by tracking drifters and turtles simultaneously we could consider how the model's inability to fully resolve ocean velocity influences our interpretations of swimming behavior ( Figure 3 ). For instance, the direction of residual velocity in drifters was typically westward in latitudes north of 27.5 N ( Figure 3H ). Owing to this systematic bias, the true swimming speed of turtles ''swimming westward'' would likely be less than calculated (or attributable to passive drift), whereas the true swimming speed of turtles ''swimming eastward'' would actually be greater than calculated. The mean headings of both green and Kemp's ridley turtles were eastward in this region, suggesting that contributions of turtle swimming behavior to net movement may be underestimated across this area ( Figures 3B and 3E) . In latitudes south of 27.5 N, the direction of residual velocity in drifters was fairly random ( Figure 3I ). In this case, directional ''swimming'' from turtles would not likely be an artifact introduced by the model, but rather a true orientation preference. In these more southern latitudes, green turtles continued to orient eastward, whereas Kemp's ridley turtles shifted to northward swimming ( Figures 3C and 3F ). These calculated swimming directions suggest active orientation by turtles, rather than bias introduced by our analytical methods.
If the movement of turtles were primarily the result of ocean circulation processes, we would expect swimming speeds to be similar for drifters and turtles. Calculated swim speeds did not differ between the two drifter types (Mann-Whitney U test, This method of simultaneously tracking organisms, drifters, and virtual particles [26] provides direct, environmental context for dispersal trajectories and produces new insights on turtle behavior in the open sea. Our findings support preliminary reports that young green turtles are more active than Kemp's ridley turtles [6] . Swim speeds of green turtles were faster than Kemp's ridley turtles (Mann-Whitney U test, U 263,221 = 32739, p = 0.016). Likewise, the swimming orientation of green turtles (median of individual's Rayleigh r value = 0.46) tended to be more directional than Kemp's ridley turtles (median of individual's Rayleigh r value = 0.283) (Mann-Whitney U test, U 20,24 = 297, p = 0.04). The track headings of individual green turtles were better predicted by calculated swimming orientation (median circular-circular correlation r = 0.403) than by the direction of modeled ocean currents (median circular-circular correlation r = 0.112) (Wilcoxon signedrank test, W = 80, p = 0.045, n = 24 turtles). For Kemp's ridley turtles, track headings were predicted equally well by calculated orientation (median circular-circular correlation r = 0.222) and the direction of modeled ocean currents (median circular-circular correlation r = 0.208) (Wilcoxon signed rank test, W = 71, p = 0.528, n = 20 turtles). Considering that both species were caught in the same areas, large-scale differences in distribution might be mediated primarily by species-specific behavior ( Figure 3 ), rather than by ocean conditions encountered. The consistently oriented swimming in green turtles likely facilitates the long-distance movements known in this species [27, 28] , whereas Kemp's ridley turtles' behavior appears to promote retention in their primary range within the Gulf of Mexico [29] [30] [31] .
Contrary to expectations [23] , we detected no relationship between turtle size (SCL) and swimming speeds (median or maximum) (Spearman R < 0.271, p > 0.2004, n = 24 for green, n = 20 for Kemp's ridley). We suspect that while swimming ability increases as turtles grow [23] , different environmental and endogenous factors influence swimming activity and thus the swim speeds inferred along the tracks of turtles. Surprisingly, one of the environmental factors most likely to influence swimming speed and activity, water temperature [32] (which ranged from 21 C to 31 C along the tracks of turtles), had limited predictive value (green Spearman R = 0.006, p = 0.917, n = 235 steps; Kemp's ridley Spearman R = 0.074, p = 0.190, n = 312 steps). It is possible that conditions associated with microhabitat (e.g., the presence of floating algae or the density of prey items) [6, 8] might obscure a relationship between swimming speed and temperature that would otherwise be observed, or that physiological performance can be maintained over a relatively wide range of temperatures if changes are gradual and acclimation can occur [23, 24, 33] . It was recently reported that young, lab-reared loggerhead turtles orient their movement into current flows (i.e., are rheotactic) upon release into the ocean [25] . For the turtles that we tracked, circular-circular correlations between swimming direction and current direction were extremely weak but tended to be positive (Kemp's ridley: r = 0.071, p > 0.05, n = 312 steps; green: r = 0.033, p > 0.05, Each panel depicts the paths traveled by drifters (blue), virtual particles tracked within ''hindcast'' ocean circulation model output (purple), green turtles (green), and Kemp's ridley turtles (red) released on the same date and location (white circles). Gray shading indicates bathymetry, and the thin gray line delineates the continental shelf (200 m isobath). Further details can be found in Table S1 , and plots for all release events can be found in Figure S1 . n = 235 steps) and thus are inconsistent with a hypothesis of rheotaxis as a ubiquitous explanation for orientation in the open sea [25] . The lack of relationship between swimming speed and endogenous (body size) and environmental (water temperature, current direction) variables that have traditionally been assumed to be important in the locomotion process of marine animals [5-9, 25, 26, 32, 33] implies that some aspects of sea turtle behavior and movement should be reconsidered. Our findings may be useful in designing laboratory and field experiments to clarify the correlates of turtle swimming velocity as well as the sensory cues used by turtles to navigate in the wild [11, 12, 34, 35] .
Given (1) the major divergence between the trajectories of turtles and the trajectories of drifters and particles (Figures 1 and 2) , (2) faster swim speeds of turtles compared to drifters, and (3) our finding that swimming orientation of turtles differed dramatically from what would be expected if they drifted with ocean currents (Figure 3) , it is clear that surface-pelagic stage turtles actively control their movements. Indeed, it appears that even at the smallest sizes, swimming has important influences on subsequent distribution and fitness of turtles [14, 36] . How, then, should one interpret the reported agreement between models assuming passive drift and observed distributions (e.g., [27, 37, 38] )? In part, the congruence in previous studies is likely due to sparse in situ data available for turtles, resulting in wide confidence intervals for observations that will often overlap with model predictions [39] . Additionally, the temporal and spatial scales over which dispersal is examined in models are broader than in our tracking data. For instance, plotting the relative density of turtle, drifter, and virtual particle location data suggests some broadscale agreement in distributions (Figure 4 ). Specifically, virtual particle distribution overlaps with most of the dispersal pathways observed in green and Kemp's ridley turtles (Figure 4) . However, our results suggest that differences in relative density between passive particles and turtles are attributable to species-specific swimming behavior. This is consistent with an earlier modeling study suggesting that currents largely dictate which pathways are available to juvenile sea turtles but that magnetic navigation behavior influences the proportion of turtles following particular dispersal pathways [13] . Thus, numerical models simulating passive drift in turtles are not without merit for the production of a null hypothesis of oceanic distribution [27] , but we now clearly demonstrate that swimming behavior is an important component for explaining how oceanic-stage turtles achieve observed distributions. In particular, our results show that directional swimming ), but with separation distances between Kemp's ridley turtles and drifters (red lines). Statistical differences were found between the separation distances of both turtle species and drifters (green: Wilcoxon signed-rank test, p < 0.00001, for each day; Kemp's ridley: Wilcoxon signedrank test, p < 0.034, for each day), indicating that turtle movement is not a passive process. (C) Conventions as in (A), but with separation distances between virtual particles and drifters (purple). Separation distances between virtual particles and drifters were initially greater than for drifter pairs (days 2 and 4, Wilcoxon signed-rank test, p < 0.01) but were otherwise statistically indistinguishable (Wilcoxon signed-rank test, 0.07 < p < 0.6).
(even if relatively weak) (Figure 3 ) strongly shapes the movement and distribution of organisms at sea. Thus, data on the mechanisms of orientation [3, 13, 40] may be as important as information on swimming speed and pelagic-larval duration [1, 41] for predicting the ecological and evolutionary processes shaped by animal movement. (Table S1) , corresponding roughly to an age of 1 to 2 years [42] . Turtles were captured from a vessel platform; observers on the vessel searched for turtles along oceanographic fronts where turtles aggregate [5] [6] [7] [8] (typically associated with Sargassum algae in ''blue water'' located at least 100 km offshore). Sampling occurred offshore of Marco Island, Sarasota, Panama City, and Pensacola (Florida); Orange Beach (Alabama); and Venice (Louisiana). All turtles were measured, weighed, and flipper tagged using standard protocols [43] . For Kemp's ridley turtles (n = 20), the attachment technique included pre-treating the turtle's shell with manicure acrylic and attaching two strips of 3-5 mm neoprene to either side of the turtle's vertebral ridge using veterinary or toupee/hair extension glue [16] . Clear aquarium silicone was used to affix the tag to the neoprene [16] . For green turtles (n = 24), the attachment technique included a thin, malleable marine adhesive. Both attachment methods are flexible and allow for some animal growth without detaching. Individuals were released on the same day as captured, and in the same general area. We deployed two types of drifters at the same locations and times as we tagged the turtles: (1) surface ''Eddie'' drifters with drogues extending to 1 m depth, and (2) very-near-surface ''Kathleen'' drifters (ballasted 5-gallon buckets, 36.7 cm in depth) (http://www.nefsc.noaa.gov/epd/ocean/ MainPage/lob/driftdesign.html). These drifters were used because surfacepelagic turtles in the Gulf of Mexico spend more than 90% of their time in the uppermost 1 m of the water column [6] . There were a total of 15 releases, 13 of which involved deploying a pair of drifters and 1 to 10 turtles, and 2 of which involved individual Kemp's ridley turtles that were opportunistically captured without drifters onboard (direct comparison between these turtles and drifters was not possible, but track data were otherwise treated the same). A rectangle (0.08 3 0.08 , 75 km 2 ) centered at the latitude and longitude of each deployment location served as a release site for 1,000 virtual particles tracked within the surface layer of Gulf of Mexico Hybrid Coordinate Ocean Model (HYCOM) output (hourly snapshots at 0.04 spatial resolution, extracted from http://hycom.org/). The duration of particle advection was determined by the duration of longest turtle track from a particular release site. Particles were advected at 30 min intervals through the HYCOM output using the Runge-Kutta fourth-order method applied in ICHTHYOP v.2 particle-tracking software [19] . Location data from turtles were imported into seaturtle.org's Satellite Tracking and Analysis Tool [44] for filtering. Location data from the satellite tags were derived from Argos location data and were archived and filtered using standard methods [18] . Positional data were further extracted from tracks of turtles at 48 hr intervals (''steps'') using only the best-quality location data (classified as ''0,'' ''1,'' ''2,'' or ''3,'' for which location errors are typically less than 5 km [45] ). We obtained 235 steps from 24 green turtles and 312 steps from 20 Kemp's ridley turtles. Data from 13 Eddie and 13 Kathleen drifters were pooled for analysis, from which 542 steps were obtained. This sub-sampling of data allowed for standardization of track data used in subsequent analysis.
Analyses
We computed separation distances (rhumb lines) between pairs of drifters to determine what divergence would be expected due to ocean circulation processes. We then computed the separation distances between turtles and each of the drifters at 2-day intervals over a 14-day period [22] . The separation distance between a turtle and each drifter was subtracted from the separation distance between the two corresponding drifters. The Wilcoxon signed-rank test compared the separation distance of drifter pairs with turtles and drifter separation distances each day (2, 4, 6, . 14). We also tested the accuracy of modeled ocean velocity fields used in later analyses by computing separation distances between each drifter and the closest virtual particle [46] . To simplify the visual depiction of the results, we computed the median and mean (±95% confidence interval) separation distance for each day (Figure 2) .
A 0.08 3 0.08 rectangle (75 km 2 ) centered at the latitude and longitude of each 48 hr location along the tracks of turtles and drifters served as the release site for 200 virtual particles within the surface layer of Gulf of Mexico HYCOM output. This area was chosen to account for any error in location data, as in [46] . For five locations outside of this domain, global HYCOM output (daily snapshots at 0.08 spatial resolution) was used. The duration of particle advection was determined by the duration between successive points along the track; particles were advected at 15 min intervals through the HYCOM output using ICHTHYOP v.2 software as described above [20] . The particle closest to the next point along the track was used to calculate the apparent ocean current velocity, derived from the straight-line distance between the starting location of the particle and its ending location [46] . The particle vector was subtracted from the track vector (also derived from the straight-line distance between the successive locations) to compute the apparent swimming velocity. We hypothesized that if divergence along the tracks of turtles were primarily the result of model error, Mann-Whitney U tests would find no difference between the swim speeds of turtles and drifters. For these analyses, we assumed statistical independence among the 2-day steps along tracks. (Figure 1) , there is some agreement in broad-scale distributions. Specifically, virtual particles overlap with most of the dispersal pathways observed in turtles. The differences in relative density are likely attributable to swimming behavior by turtles.
turtles, and 375 for drifters. The full track data were used for analyses not
